ABBREVIATIONS 3DRA = 3D rotational angiography; APhA= ascending pharyngeal artery; CCA = common carotid artery; CFD = computational fluid dynamics; DSA = digital subtraction angiography; ECA = external carotid artery; FDS = flow-diverting stent; MCA = middle cerebral artery; OCT = optical coherence tomography; pcMRA = phase-contrast MR angiography; RM = rete mirabile; ROI = region of interest; SEM = scanning electron microscopy; SSS = stent shear stress. OBJECTIVE The outcome for jailing arterial branches that emerge near intracranial aneurysms during flow-diverting stent (FDS) deployment remains controversial. In this animal study, the authors aimed to elucidate the role of collateral supply with regard to the hemodynamic changes and neointimal modifications that occur from jailing arteries with FDSs. To serve this purpose, the authors sought to quantify 1) the hemodynamic changes that occur at the jailed arterial branches immediately after stent placement and 2) the ostia surface values at 3 months after stenting; both parameters were investigated in the presence or absence of collateral arterial flow. METHODS After an a priori power analysis, 2 groups (Group A and Group B) were created according to an animal flow model for terminal and anastomotic arterial circulation; each group contained 7 Large White swine. Group A animals possessed an anastomotic-type arterial configuration to supply the territory of the right ascending pharyngeal artery (APhA), while Group B animals possessed a terminal-type arterial configuration to supply the right APhA territory. Subsequently, all animals underwent FDS placement, thereby jailing the right APhAs. Mean flow rates and velocities inside the jailed branches were quantified using time-resolved 3D phase-contrast MR angiography before and after stenting. Three months after stent placement, the jailed ostia surface values were quantified on scanning electron micrographs. The data were analyzed using descriptive statistics and group comparisons with parametric and nonparametric tests. RESULTS The endovascular procedures were feasible, and there were no findings of in situ thrombus formation on postprocedural optical coherence tomography or ischemia on postprocedural diffusion-weighted imaging. In Group A, the mean flow rate values at the jailed right APhAs were reduced immediately following stent placement as compared with values obtained before stent placement (p = 0.02, power: 0.8). In contrast, the mean poststenting flow rates for Group B remained similar to those obtained before stent placement. Three months after stent placement, the mean ostia surface values were significantly higher for Group B (527,911 ± 306,229 mm 2 ) than for Group A (89,329 ± 59,762 mm 2 ; p < 0.01, power: 1.00), even though the initial dimensions of the jailed ostia were similar between groups. A statistically significant correlation was found between groups (A or B), mean flow rates after stent placement, and ostia surface values at 3 months. CONCLUSIONS When an important collateral supply was present, the jailing of side arteries with flow diverters resulted in an immediate and significant reduction in the flow rate inside these arteries as compared with the prestenting values. In contrast, when competitive flow was absent, jailing did not result in significant flow rate reductions inside the jailed ©AANS, 2017 
F low-diverting stents (FDSs) 20 have emerged as a new generation of endoluminal implants and have proven to be useful in the treatment of intracranial aneurysms with complex, technically challenging anatomical configurations.
1 Their relatively simple placement technique and their ability to provide stable angiographic aneurysm occlusion have led to an increasing tendency towards their off-label use at distal intracranial locations. 7 At the same time, controversy exists over the use of FDSs in clinical practice, 4 particularly with regard to patency within the jailed arterial branch. Initial animal studies have shown that jailed branches remain patent, 10 even with increased metal coverage 16 or when FDSs are positioned in a telescopic fashion. 8 Nevertheless, those previous studies did not focus on providing evidence for procedure-related asymptomatic branch occlusions or delayed, transient, or permanent symptoms 13, 18 in patients treated with FDSs.
Clinical observations 18, 29 of intracranial arteries jailed by FDSs generally support the hypothesis that terminal or anastomotic circulation plays a role in the patency or occlusion of jailed branches, likely attributable to the different hemodynamic modifications inside the jailed branches; 28 a significant reduction in flow rate seems to trigger endothelial proliferation on the jailed ostia.
A preliminary study conducted by our group evaluated an animal model of terminal and anastomotic arterial flow at the level of Large Swine ascending pharyngeal arteries (APhAs) and yielded results that we believe require further exploration. By exploiting the flow model used in our preliminary study, we sought to compare the hemodynamic and anatomopathological consequences of jailing arterial branches in the presence or absence of collateral flow. The jailed arteries in our model had diameters ranging from 1.5 to 2.5 mm, simulating intracranial arterial bifurcations.
Dedicated swine models of anastomotic and terminal circulation were created to simulate the presence or absence of flow competition. Time-resolved 3D phase-contrast MR angiography data (pcMRA) were postprocessed to extract time-dependent flow rate and velocity values before and after placement of the stent. For each jailed arterial branch, scanning electron microscopy (SEM) images were used to quantify the ostia surface values at 3 months after stenting. The results were compared between the 2 groups to elucidate the effects of flow diversion on isolated jailed arterial branches.
Methods
We conducted an animal study using 14 Large White swine. The sample size was defined by an a priori power analysis with variables obtained from a preliminary study. To ensure statistical validity, the animals used in the preliminary study were not included in the current study. Animals were blindly randomized into 2 groups. Concealment of group (Group A or B) and animal identification number was constant throughout the experimental period, from randomization until euthanasia, including the statistical analysis of quantitative data.
Ethical Standards and Animal Care
The institutional ethics committee for experiments on animals approved the study and validated its adherence to the national guidelines and regulations for the care and use of laboratory animals. The study design and reporting were in accordance with the Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines. 22 The animal care installations, antiaggregation protocol, and general care were identical for all animals and adhered to the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes.
Group A received collateral flow for the territory supplied by the right APhA through the patent left APhA and the anastomotic rami that contributed to RM vascularization. Flow competition for the right APhA was defined as the presence of an important, direct collateral arterial network that contributed to the supply of the RM. Group B was created by the vascular modifications described above, resulting in a terminal-type circulation for the right APhA, attributable to occlusion of the left APhA and the anastomotic rami. This group represented the absence of flow competition, which was defined as the absence of important collateral supply for the vascular territory of the right APhA.
Endovascular Procedure Technique (FD Stenting)
A total of 14 swine, each 3 months old with a mean weight of 23.5 ± 1.1 kg (95% CI 22.9-24.2 kg), were allocated into 2 groups (Group A and Group B) of 7 animals each. The animals in Group A were not subjected to terminal-type flow modification, while those in Group B underwent terminal cerebrofacial arterial modification, as described in the previous section. All procedures were performed on a biplane, flat-panel digital subtraction angiography (DSA) unit (Allura Xper FD20, Philips Healthcare). For all cases, we chose the stent size (Pipeline embolization device, Covidien-Medtronic) with a nominal common carotid artery (CCA) diameter using 3D rotational angiography reconstructions; stents were deployed to cover the right APhA ostium at its middle part.
In situ pressure measurements inside the right APhA were performed through the microcatheter (Marksman, Covidien-Medtronic) before placement of the stent 2 cm from the ostium. The pressure measurements were also obtained before and after stenting inside the right CCA at the level of the jailed APhA, 3 cm proximally and 3 cm distally to it.
Velocity and Flow Rate Quantification
Mean flow rates and velocities were quantified before and immediately after stenting by means of a dedicated, time-resolved 3D pcMRA protocol applied on a 3.0-T system (Achieva, Philips Healthcare). The field of view covered the whole APhA and CCA-ECA regions, extending several centimeters above and below the stent borders. The values reported for velocity and flow rate were derived from raw data postprocessing from regions of interest (ROIs) chosen at 2-3 cm from the origin of the right APhAs. The reported CCA and ECA flow rate and velocity measurements corresponded to ROIs placed 2 cm proximally and distally from the stent borders, respectively.
Computational Fluid Dynamics
Case-specific blood flow simulations, including virtual stenting and pre-and poststenting hemodynamic simulations, were performed for each data set. The poststenting pressure inside the APhAs was calculated by a computational method using blood flow data obtained by pcMRA and in situ direct pressure measurements as boundary conditions. The pressure gradient at the stented ostium was considered to be the difference in pressure in the CCA at the level of the CCA-APhA bifurcation minus the pressure inside the APhA. Pressure gradients were compared before and after stenting for each case.
The local impact of flow on the individual struts was evaluated by computing the shear stress on the free segments of stent, which will be referred to as stent shear stress (SSS). Highly resolved volume meshes (9.5-9.7 million elements for each case) were used to characterize the local impact of flow on the individual struts. The SSS was computed by considering the velocity gradients along the implant.
Optical Coherence Tomography
An OCT imaging catheter (Dragonfly Duo, Saint Jude Medical Inc.) was used (external diameter 2.7 Fr, navigated with a 0.014-inch guidewire) through the guiding catheter to produce cross-sectional images. A motorized pullback technique was used during injection of contrast medium (5 cm of pullback, with the ostium of the APhA in the center of the pullback length; contrast medium injection rate: 7 ml/sec; time: 4 seconds) with an acquisition of 180 images/second. Cross-sectional and 3D images were postprocessed in a dedicated console (Ilumien Optis, Saint Jude Medical Inc.).
Scanning Electron Microscopy
The stented arteries were harvested and longitudinally opened using a previously published FDS-dedicated protocol. 19 Optical microscopy (Nikon Eclipse 50i Microscope, Nikon Inc.) was employed for observing the inner and outer surfaces of the freshly harvested specimens (magnifications ×10 or ×20) to verify the presence or absence of a thrombus around the stent struts.
Inner surfaces of APhA ostia were photographed (voltage: 10-15 kV, magnifications: ×35 to ×120) with SEM (JSM-7400F scanning electron microscope, JEOL). The circulating (patent) ostium surface for each stented ostium was considered to be the sum of the ostium areas that were not covered by free segments of the stent or by neointimal formation; consequently, it corresponded to the area through which blood was able to flow for each jailed artery. Quantification of the circulating ostia surfaces was performed using open-source software (ImageJ1, NIH) and hand selection of the appropriate areas.
Data Comparisons and Statistical Methods
The sample was analyzed by descriptive statistics after verifying normality using the Kolmogorov-Smirnov test. An F-test for equal variances was performed, and based on the result, either an independent samples t-test or a Welch test was used for comparison of ordinal data; a paired samples t-test or a Wilcoxon test (Mann-Whitney U-test) was used for paired data comparisons. Group correlations were analyzed using nonparametric tests (Kruskal-Wallis test, Spearman's rho rank coefficient). All data were processed with Statistica software (StatSoft Inc.); the level of statistical significance was p < 0.05.
Results
All animals were successfully embolized. All pre-, intra-, and postoperative qualitative and quantitative data from DSA and MRI were successfully acquired. Uneventful postprocedural recovery, satisfactory veterinary evaluation, and normal weight-gain curves were ascertained for all animals throughout the study time span.
Baseline Characteristics
The mean diameter of the jailed APhAs was 2.16 ± 0.31 mm (95% CI 1.98-2.35 mm) before placement of the stent (Table 1) . Mean APhA and CCA diameters were similar in the 2 groups (independent samples t-test: p = 0.7 and p = 0.9, respectively). Mean in situ arterial pressure inside the APhAs, as measured directly by the microcatheter, was 10.04 ± 2.03 kPa (95% CI 8.75-11.34 kPa) for the whole sample; the values were similar for Groups A and B (independent samples t-test: p = 0.5).
Endovascular Procedures
The vascular modification procedures, which aimed to create arterial models of terminal-type circulation in Group B animals, were feasible. Selective angiographic runs from the left CCAs confirmed the absence of RM or cerebral artery opacification for Group B animals. All stents were successfully deployed at the right CCAs, covering the right APhAs. The stent sizes used were 4.5 × 20 mm for 28.6% (n = 4) of the sample, 4.75 × 20 mm for 42.9% (n = 6), and 5 × 20 mm for 28.6% (n = 4), with equal repartition between the 2 groups (chi-square: 0.000, df 2, p = 1.0000).
For Group A, selective DSA from the right CCAs performed immediately after stent placement showed a significant reduction in contrast-medium enhancement of the jailed APhAs (Fig. 1 ). In contrast, there was no change in contrast medium enhancement during the pre-and poststenting DSA runs for Group B animals ( Fig. 2) . Immediately after deployment of the stent, intravascular OCT controls confirmed the absence of thrombus formation in all 14 cases.
The mean pressure gradient through the stent for Group A was 0.198 kPa before stenting and 0.361 kPa after stenting; the corresponding values for Group B were 0.529 kPa and 0.833 kPa. The mean pressure gradient difference before and after stenting was 0.252 kPa for Group A and 0.493 kPa for Group B; the former being almost 50% lower than the latter (Fig. 3 ).
Velocities and Flow Rates Before and After Stenting
Pre-and poststenting blood flow rate and velocity values were successfully obtained. The absence of diffusionweighted imaging hyperintensities was confirmed for all animals. The mean blood flow rate for the whole sample of jailed APhAs was 0.553 ± 0.299 cm 3 /sec before stenting and 0.428 ± 0.321 cm for the whole sample overall, subgroup analysis revealed significant reductions in both parameters after stenting for Group A but not for Group B (as described below). Mean flow rates for Group A were reduced from 0.367 cm /sec after, a change that was not statistically significant (paired samples t-test: p = 0.64). The prestenting flow-rate values were statistically different for the 2 groups, with Group B having higher values (p = 0.005) without significant statistical power; the respective poststenting values were found to be lower for Group A, with a powerful statistical difference (p = 0.0008, power: 0.95; Table 2 ).
For the whole sample, poststenting reductions in mean and maximal velocities inside the jailed arteries were not significant (independent samples t-test, 2-tailed probability: p = 0.20 and p = 0.39, respectively). Prestenting mean and maximal velocity values were similar for the 2 groups. For Group A, both values underwent a statistically significant reduction after stent placement as compared with the prestenting values (from 0.122 m/sec to 0.075 m/ sec and from 0.164 m/sec to 0.11 m/sec, respectively; Wilcoxon's paired samples test, 2-tailed probability: p = 0.01). In contrast, the prestenting mean and maximal velocities did not change after stenting for Group B (Wilcoxon's paired samples test, 2-tailed probability: p = 0.3 and p = 1.0, respectively; Table 2 ).
Three-Month DSA Controls
No device displacement or deformation was observed in 3-month controls. On selective DSA runs from the right CCA, significant APhA stenoses were observed in 4 cases and near occlusion was observed in 3 cases within Group A; no significant remodeling was found in any APhAs in Group B.
Control measurements of carotid artery diameters at the level of the ostia with 3D rotational angiography (3DRA) showed a mean diameter of 5.1 ± 0.6 mm (95% CI 4.9-6.3 mm) for the right carotid arteries and 5.6 ± 0.3 mm (95% CI 3.5-6.6 mm) for the left carotid arteries, values that were not statistically different (Welch test, p = 0.2768).
OCT results at 3 months after stent placement confirmed the absence of a thrombus inside all jailed APhAs and the presence of neointimal tissue on parts of the free segments of the stents, with a mean thickness of 0.13 ± 0.04 mm (95% CI 0.10-0.16 mm).
Scanning Electron Microscopy Results
At harvesting, optical microscopic images confirmed that the inner and outer ostia surfaces were clear of thrombi around the stent struts, which was consistent with OCT and DSA findings. Scanning electron micrographs were obtained, and ostia surfaces were quantified for all specimens. Mean circulating ostia surface (Table 1) ) for Group B. Even though APhA diameters were similar for the 2 groups before stenting, the mean ostium surface value at 3 months after stenting was significantly smaller for Group A (Fig. 1 ) than for Group B (Welch test: p = 0.0099, power: 1.00; Fig. 2) . Furthermore, nonparametric analysis of variance (by ranks) of ostia surfaces showed a statistically significant difference between the medians of the 2 groups (Kruskal-Wallis test: p = 0.0017). Significant differences in hemodynamic parameters and ostia endothelialization between the 2 groups are summarized in Table 2 .
All quantitative data for the Large Swine sample are presented in Table 3 .
Statistical Correlations and Regression Analysis
Circulating ostium surface values at 3 months after stenting were correlated with the various hemodynamic pre-and poststenting variables (Spearman's rho coefficient); a significant correlation was found between poststenting maximal velocities and mean flow rates (r: 0.609, p = 0.02; and r: 0.635, p = 0.01, respectively). 
Computational Fluid Dynamics Analysis and Comparisons
Comparison of the virtual stent deployments with the poststenting angiographic data showed good imaging correlation. Computational fluid dynamics (CFD) results showed a poststenting reduction in flow rates and maximal velocities in the jailed arteries. In Group A animals, maximal velocities inside the APhAs decreased with the distance (1-2 cm) from the stent, while for Group B animals, maximal velocities seemed to be maintained regardless of the distance from the stent. In all cases, the highest SSS values occurred in the upper central areas of the covered side branches. This observation was in agreement with the ostia regions that stayed patent after 3 months. Shear stress values in Group A were lower than those observed in Group B (Fig. 4) .
Discussion
Clinical, bench, and computational studies 12, 20, 24 concerning hemodynamic changes provoked by FDSs initially focused on modifications occurring inside the aneurysm sac. Jailed arterial branches have only recently been at the center of scientific research 14 partially because of an increasing tendency to be used in distal, off-label intracranial locations. Initially focused on bifurcation aneurysms, 9 preclinical studies on isolated jailed branches were not exhaustive until clinical evidence of jailed-branch occlusions with variable clinical results came to light. 2, 18, 26, 27, 29 A recent experimental study suggested that in order to significantly alter the flow rate passing through a jailed branch, proximal resistance comparable to the distal resistance needs to be created. 6 According to Rouchaud et al., 28 this condition is met in human intracranial arteries when an important collateral network is present. For ethical reasons, they suggested that this hypothesis requires further confirmation by experimental animal studies. In accordance with these observations, Brinjikji et al. 3 observed important, immediate poststenting flow reductions, which were persistent or increased at follow-up for almost half of their cases, in a study of jailed adult-type posterior communicating arteries during endovascular FDS treatment.
By exploiting an animal model that simulated terminal and anastomotic circulation, we noted important immediate pressure-gradient reductions in the group of jailed arteries with anastomotic circulation (Group A) that were not reproduced in the terminal circulation group (Group B), providing further evidence for these recent clinical observations. Furthermore, the hemodynamic parameters (e.g., flow rates and velocities) inside the jailed arteries seemed to follow the same pattern of reduction; for the anastomotic group of arteries (Group A), important immediate flow rate and velocity value reductions were observed, while for the terminal group of arteries (Group B), significant hemodynamic reductions were absent. At the same time, the mean hemodynamic modifications after stenting were not significant for the overall population; this result is in accordance with clinical studies that have reported patency of jailed branches after FDS placement, apart from isolated cases of antiaggregation treatment failures.
1
In the present study, with the initiation of the flow competition concept in flow diversion animal research, we provide mechanistic evidence to explain why arteries with direct or important collateral flow, such as the anterior and posterior communicating arteries, have a tendency to occlude after FDS placement without causing symptoms, while others, such as the anterior choroidal artery 2, 27 or middle cerebral artery (MCA) 29, 31, 32 branches, tend to remain patent. Indeed, in most cases of MCA bifurcation arteries, jailed branches tend to remain patent, even when originating from the aneurysm fundus 31 where one would expect that the flow reduction 21 inside the aneurysm's sac would favor occlusion of the branch. The observations within this study regarding the absence of competitive flow could explain why the failure of sac occlusion was reported in some cases of aneurysms with branches arising from the sac. 5, 11 When important poststenting flow rates are maintained inside the jailed artery, the common neckostium will have a tendency to remain patent.
Throughout the time course of progressive peripheral endothelialization of the common neck-ostium, flow rates will probably be subjected to modifications over time. In some cases, the simultaneous effects of progressive flow reduction and pial network development may not be sufficient for mutual counterbalance. This may explain several delayed, transient symptoms observed during the late postprocedural time in bifurcation aneurysms, especially ones located in MCA bifurcations. 29 Even though the present study explored isolated jailed branches, the absence of competitive flow could be related to these observations and merits further study.
The presence or absence of a collateral supply was retained in this study as an important factor related to the degree of patency at the ostium at 3 months after stent placement. The nature (terminal or anastomotic) of an artery that is susceptible to jailing by a flow diverter was shown to have an important role in its fate with respect to patency. In accordance with recent clinical observations, 29 our results suggest that the presence or absence of competitive flow within a specific artery should be taken into account before coverage of its ostium by a flow diverter. Direct anastomotic arterial configurations could indeed be helpful for rapid healing in human intracranial aneurysm treatment; on the contrary, a terminal-type arterial supply is expected to prevent significant stenosis of a jailed artery.
In the present study, all animals exhibited a degree of jailed ostium neointimal coverage, which was significantly correlated with the degree of reduction in the immediate flow rate and velocity values. The results of this study demonstrate that the poststenting reduction of the ostium surface at 3 months is dependent on flow rate and velocity values inside the jailed artery immediately after stenting. These results reinforce the hypothesis that, apart from thrombotic mechanisms, hemodynamic changes may also induce side-branch remodeling or even occlusion in effectively antiaggregated patients, even without the presence of acute thrombotic and recanalization mechanisms.
Furthermore, shear stress calculations for the anastomotic cases showed lower values at the level of the free segments of stent than those observed in the terminal circulation cases. Given that vascular cells are equipped with receptors that allow them to detect and respond to the mechanical forces generated by shear stress, 30 shear stress differences on the free segments of stent in terminal and anastomotic circulation may have a role in determining the extent of neointimal coverage of the ostia.
Further research on the poststenting effects of hemodynamic modifications on the mechanisms of signaling and endothelial proliferation on the free segments of the stent seems to be important in the field of intracranial flow diversion. Determining cutoffs of prestenting velocities that could be considered safe according to jailed-branch localization and the collateral supply is also an important goal of translational and clinical research in the field.
Study Limitations
The results of this study do not exclude transient or permanent neurological symptoms after jailing a terminaltype human intracranial artery. Nevertheless, this study provides a valid concept for further understanding the important role of hemodynamic factors in the fate of jailed branches and provides a new basis for further research involving experimental bifurcation aneurysms. The results of the present study apply only in cases with an effective antiaggregation regimen; otherwise, thrombotic mechanisms may produce a different outcome.
In a few human case series involving intracranial arterial perforators, 15, 23 rare symptomatic occlusions in jailed branches were reported. Perforators are by definition terminal arteries and, according to our observations, are expected to remain patent after stenting. A recent clinical study on intracranial perforators has shown results that further support our observations. 23 Additionally, in a recent CFD study in small-caliber human arteries, 17 a relatively low flow rate reduction of 8% was found after FDS jailing. In a recent animal study dealing with telescopic stenting, Dai et al. 8 found patency of the jailed branches while at the same time acknowledging limitations regarding perforators.
Nevertheless, intracranial perforators represent a limitation of the present study; the study concerns jailed branches with diameters ranging from 1 to 2.3 mm and does not examine those with diameters less than 1 mm. Human intracranial perforators are very small-caliber arteries that have much lower initial flow rates and probably will result in even lower flow rates after stenting. As stated by Cebral et al., 6 "important flow reductions can be expected when the FDS covers a significant portion of the area of the orifice."
Jailing a very small ostium may result in a much higher percentage of metal coverage than expected by a commercial FDS; telescopic stenting in very narrow arteries may further accentuate this result. 16 In our opinion, although human perforators are considered terminal arterial branches, their relatively long course, coupled with a very small diameter, may result in important flow rate reductions in cases of increased metal coverage, as can occur in telescopic stenting. Further research is needed to address this important issue and is currently underway.
Conclusions
This study demonstrates that the absence of collateral supply in an artery jailed by an FDS contributed to the preservation of flow rates comparable to those measured prior to stenting. In contrast, the presence of collateral supply resulted in a significant reduction in flow rate as compared with prestenting values. Important flow rate reductions immediately after stenting were strongly cor-related with increased neointimal coverage of the ostia at 3 months after stent placement. The absence of flow competition was correlated with significantly higher values of circulating ostia surfaces after 3 months.
